INTRODUCTION
============

Defective insulin secretion and insulin resistance are the two main factors causing the development and progression of type 2 diabetes \[[@B1]\]. In the UK Prospective Diabetes Study \[[@B2]\], after an initial improvement, glycemic control continues to deteriorate despite the use of oral agents aimed to enhance insulin secretion and to reduce insulin resistance. This deterioration can be attributed to the progressive decline of β-cell dysfunction, and insulin treatment is usually required in type 2 diabetic patients who are not able to obtain good glycemic control with an oral hypoglycemic agent. Although new treatment options for type 2 diabetic patients are increasingly available, agreement on the most effective treatment approach for individual patients has not been achieved. Prediction of poor response to an oral hypoglycemic agent may be helpful in achieving good glycemic control through earlier administration of insulin therapy.

Although many previous studies have investigated the association between markers of β-cell function and future insulin use, there is no reliable predictor of responsiveness to oral hypoglycemic agents in clinical practice \[[@B3]\]. Previous studies have reported that plasma glucose, HbA1c, and serum C-peptide are associated with insulin use \[[@B4]-[@B10]\]. Those studies focused on predicting future insulin use, but many type 2 diabetic patients who were categorized as non-insulin requiring were not adequately controlled despite the use of an oral hypoglycemic agent. In addition, most of the studies were cross-sectional or had short durations of follow-up and included small numbers of participants. To identify the factors associated with oral hypoglycemic agent responsiveness, we comprehensively examined the association between various clinical factors and oral hypoglycemic agent failure in Korean patients with type 2 diabetes mellitus.

METHODS
=======

Participants
------------

Data for Korean patients with type 2 diabetes mellitus who visited the diabetes clinic at Soonchunhyang University Bucheon Hospital during 2001 to 2007 were analyzed. Individuals diagnosed with type 1 diabetes mellitus (fasting serum C-peptide \<0.6 ng/mL and postprandial serum C-peptide \<1.0 ng/mL or history of diabetic ketoacidosis), with renal insufficiency (serum Cr \>1.3 mg/dL), alcoholism, chronic liver disease, chronic infection, endocrine disorders (e.g., thyroid dysfunction, pituitary disease, adrenal disease, or receiving hormone replacement therapy) or malignancy were excluded. Individuals who had been taking drugs that could influence glucose metabolism were also excluded, as were individuals who had been treated with insulin before participation in the study or whose follow-up duration was shorter than two years. In the remaining 1,060 type 2 diabetic patients, fasting and postprandial serum C-peptide levels were measured at baseline, and the evaluation of glycemic control (fasting and postprandial glucose and HbA1c) was performed at baseline and during regular follow-up visits. These follow-up visits occurred at two- to four-month intervals and were conducted by endocrinology specialists, who adjusted anti-diabetic medications as needed to achieve HbA1c \<6.5-7%. For the analyses, two groups of patients were selected from the 1,060 patients: the oral hypoglycemic agent (OHA) responsive group consisted of 197 patients whose HbA1c levels were controlled below 7% for more than two years with insulin secretagogues at a less than half maximum dose and/or other oral hypoglycemic agents (biguanide, thiazolidinediones, α-glucosidase inhibitor, or DPP-4 inhibitor). The OHA failure group consisted of 180 patients with the following conditions: 46 patients whose HbA1c levels were greater than 8% despite taking insulin secretagogues at more than the half maximum dose, in addition to other OHAs (biguanide, thiazolidinediones, alpha-glucosidase inhibitor, or DPP-4 inhibitor), and 134 patients who required insulin therapy for glycemic control within two years. A total of 683 patients with the following conditions were excluded: patients who were not followed-up regularly, whose diabetes was controlled with diet only, whose HbA1c levels were between 7% to 8%, who had taken an insufficient dose of OHA despite HbA1c levels greater than 8%, or whose HbA1c levels were controlled below 7% only after administration of the maximum dose of insulin secretagogues. This study was approved by the Institutional Review Board of Soonchunhyang University Bucheon Hospital.

Measurements
------------

Fasting and postprandial 2-hour glucose and C-peptide levels, glycated hemoglobin (HbA1c), serum total cholesterol, triglyceride, high density lipoprotein cholesterol, low density lipoprotein cholesterol, and creatinine were determined at baseline. HbA1c was measured using ion-exchange HPLC (Bio-Rad, Hercules, CA, USA), and serum C-peptide was determined using an immunoradiometric assay (Immunotech, Prague, Czech Republic). Delta C-peptide was defined as the difference between postprandial serum C-peptide and fasting C-peptide level. The homeostasis model assessment index for insulin resistance (HOMA-IR) was calculated with the formula: HOMA-IR=fasting plasma insulin (µU/mL)×fasting plasma glucose (mmol/L)/22.5.

Statistical analysis
--------------------

Data are presented as the mean±standard deviation. Statistical analysis was performed using SPSS version 14.0 for Windows® (SPSS Inc., Chicago, IL, USA). Variables that were not distributed normally, such as blood concentrations of glucose, triglycerides, and C-peptide level, were log-transformed before analysis. The unpaired Student\'s *t*-test was used to compare differences between the two groups, and the χ^2^ test was used to compare percentages. Multivariate logistic regression analyses were used to estimate the odds ratios (ORs) for OHA failure after adjusting for other clinical and biochemical variables. The receiver operating characteristic (ROC) curves were used to determine the predictive abilities of variables for OHA failure. A *P* value of less than 0.05 was considered statistically significant.

RESULTS
=======

In the OHA responsive group, sulfonylurea was used in 64% of the patients, metformin in 86%, thiazolidinediones in 30%, α-glucosidase inhibitor in 10%, and DPP-4 inhibitor in 5%. In the OHA failure group, sulfonylurea was used in all of the patients, metformin in 73%, thiazolidinediones in 28%, α-glucosidase inhibitor in 6%, and DPP-4 inhibitor in 5%. The baseline characteristics of the study participants are shown in [Table 1](#T1){ref-type="table"}. Patients in the OHA failure group showed higher baseline values of HbA1c, fasting and postprandial plasma glucose, and lower values of fasting, postprandial, and delta C-peptide levels compared to those of patients in the OHA responsive group. Also, patients in the OHA failure group had a significantly higher proportion of women, more family history of diabetes, and longer duration of diabetes. When the patients were divided into three groups according to diabetic duration, patients with shorter diabetic duration showed a lower rate of OHA failure compared to those of patients with longer diabetic duration (\<5 years, 33.5%; 5 to 10 years, 63.4%; \>10 years, 81.5%; *P*\<0.001). The proportion of drug-naive patients was higher in the OHA responsive group compared to that in the OHA failure group (29.9% vs. 5.6%, *P*\<0.001). There was no significant difference between the two groups regarding the prevalence of hypertension, body mass index, or HOMA-IR.

To identify independent factors that are associated with poor response to oral hypoglycemic agent, we performed multiple logistic regression analysis after categorizing HbA1c, fasting and postprandial plasma glucose, fasting and postprandial serum C-peptide, and delta C-peptide into quartiles ([Table 2](#T2){ref-type="table"}). In the unadjusted model, the highest quartiles of HbA1c and plasma glucose, and lowest quartile of C-peptide were associated with increased risk of oral hypoglycemic agent failure. We adjusted for potential confounding factors which were significantly different between the two groups (sex, family history of diabetes) or that had been reported to be associated with OHA failure in previous studies (age, BMI). Adjustment for age, sex, BMI, and familial history of diabetes attenuated, but did not eliminate associated risks except in the case of fasting C-peptide quartile. Postprandial and delta C-peptide quartiles were more significantly associated with oral hypoglycemic agent failure than was fasting serum C-peptide quartile.

Receiver operating characteristic curve ([Fig. 1](#F1){ref-type="fig"}) analyses showed that the area under the curve (AUC) for HbA1c, fasting glucose, postprandial glucose, fasting C-peptide, postprandial C-peptide, and delta C-peptide were 0.667, 0.660, 0.596, 0.587, 0.667, and 0.665, respectively. Based on these AUCs, the predictive abilities of HbA1c, fasting glucose, postprandial C-peptide, and delta C-peptide for OHA failure were similar, but slightly higher than those of postprandial glucose and fasting C-peptide. Diagnostic performances, including the sensitivity and specificity, were substantially dependent on the chosen cutoff values ([Table 3](#T3){ref-type="table"}). The cutoff points showing maximum sensitivity plus specificity were baseline HbA1c 8.5%, fasting glucose 160 mg/dL, postprandial C-peptide 6.5 ng/mL, and delta C-peptide 4.0 ng/mL, which resulted in sensitivity and specificity of around 60% to 70%.

DISCUSSION
==========

In the present study conducted in Korean type 2 diabetic patients, we confirmed that lower serum C-peptide and elevated plasma glucose and HbA1c at baseline were associated with long-term OHA failure. These associations were independent of confounding factors, such as age, sex, and BMI. Female sex, longer duration of diabetes, and familial history of diabetes were also associated with OHA failure. In contrast, there was no association between BMI and OHA responsiveness.

It has been established that severe degree of hyperglycemia and low endogenous insulin secretion are associated with insulin use in type 2 diabetic patients \[[@B4],[@B5],[@B7],[@B9],[@B11]\]. Therefore, it is not surprising that elevated plasma glucose and HbA1c, and low C-peptide quartile at baseline were associated with OHA failure in this study. Among the glycemic variables, fasting glucose and HbA1c had better discriminative ability than did postprandial glucose level. This may be due to greater variability of postprandial glucose level, which is greatly influenced by dietary factors. In contrast, among the C-peptide measures, postprandial or delta C-peptide levels were better markers of OHA failure than was fasting serum C-peptide. This is consistent with previous studies in Korean type 2 diabetic patients that showed postprandial or delta C-peptide levels are more closely correlated with OHA responsiveness than is fasting C-peptide \[[@B12]-[@B14]\]. This reflects the fact that a β-cell\'s capacity to respond to stimulation is more important than basal insulin secretion in determining response to oral hypoglycemic agents. A Japanese study \[[@B9]\] has reported that the serum and urinary C-peptide levels corrected for the fasting plasma glucose were useful for decision making regarding insulin therapy in patients with type 2 diabetes. In the present study, however, correction for fasting plasma glucose level did not improve the predictive power of fasting C-peptide (data not shown).

Our results suggest that impaired β-cell function may be a cause of poor response to OHA. However, reverse causation is also a potential explanation. Unger and Grundy \[[@B15]\] introduced the concept of glucotoxicity, that continuous over-stimulation of β-cells by glucose could lead to depletion of insulin stores, worsening of hyperglycemia, and finally deterioration of β-cell function. Further prospective studies are needed to clarify whether β-cell dysfunction or hyperglycemia is the primary defect.

Madsbad et al. \[[@B16]\] reported that patients with a post-stimulatory C-peptide level greater than 1.80 ng/mL appeared to be non-insulin dependent. In our analysis, the postprandial C-peptide cutoff value (5.5 to 6.5 ng/mL) was that for good glycemic control with OHA, not for insulin-independence for prevention of life-threatening acute metabolic complications. Therefore, it is natural that much higher insulin secretory capacity is required for good glycemic control compared to that needed for minimal insulin independence for life. Previous studies in Koreans have also reported that postprandial serum C-peptide or glucagon-stimulated serum C-peptide responses are useful indicators of insulin requirement in type 2 diabetic patients \[[@B12],[@B13],[@B17]-[@B19]\]. However, most of the studies were cross-sectional analyses including only small numbers of patients, and no study comprehensively examined the associations between various clinical variables with long-term predictors of OHA failure. In addition, in most previous studies performed in the 1980s and 1990s, the target values for glycemic control were much higher than the current guideline. Therefore, the \'good control\' in previous studies was inadequate in light of current recommendations. The current study had the strength that it included a relatively large number of Korean type 2 diabetic patients, used strict criteria for OHA responsiveness, and utilized regular follow-up data covering more than two years in all patients.

Female sex, longer duration of diabetes mellitus, and familial history of diabetes mellitus were also found to be associated with OHA failure. In contrast, there was no association between BMI and OHA responsiveness. A recent study in Japanese type 2 diabetic patients showed that lower BMI had a strong predictive ability for future insulin use, similar to fasting plasma glucose, serum and urine C-peptide levels \[[@B11]\]. The exact reason for these inter-study discrepancies is not clear at present, but there were several differences in study design and patient characteristics between studies. While our study patients were mostly managed in an outpatient clinic, the patients in the Japanese study were those who had admitted for glycemic control. Therefore, their participants generally had poorer glycemic control and longer duration of diabetes compared with those of our study participants. It is also possible that abnormalities in body fat distribution are more important than BMI.

Little is known about the associations between female sex, family history of diabetes mellitus and OHA failure. There were no significant differences in fasting and postprandial C-peptide levels between male/female groups or positive/negative family history groups. To better understand these results, further studies are needed.

Our study has several limitations that must be taken into account. First, since this study was a cross-sectional analysis, prospective controlled studies are needed to confirm the usefulness of C-peptide in predicting long-term OHA responsiveness in type 2 diabetes patients. Second, our study population was a cohort of patients cared for in a single center; therefore, our results may not be generalized to the whole Korean type 2 diabetic patients. However, the majority of our study participants were typical type 2 diabetic patients commonly encountered at outpatient-based diabetes clinics in real practice. Third, we used only fasting and postprandial C-peptide levels as a measure of β-cell function. However, it is not practical to perform intravenous glucose tolerance test or hyperglycemic clamp study in clinical settings, and it has been shown that fasting and postprandial C-peptide levels are well-correlated with glucagon-stimulated or 24-hour urine C-peptide \[[@B11],[@B13],[@B19],[@B20]\].

Despite these limitations, we provided evidence that lower baseline values of postprandial and delta C-peptide, and elevated fasting glucose and HbA1c are useful factors that are associated with OHA failure in Korean patients with type 2 diabetes mellitus. Further large prospective studies are required to confirm the clinical usefulness of those clinical variables in predicting the responsiveness to an oral hypoglycemic agent and in clinical decision making for the choice of therapy in type 2 diabetic patients.
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###### 

Clinical characteristics of the patients at baseline
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Data are presented as mean±standard deviation (range) or number (%).

*P* values were determined using the unpaired *t*-test or χ^2^ test.

DM, diabetes mellitus; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure, LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment index for insulin resistance.
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Medians (range) of quartiles and OR (95% CI) for oral hypoglycemic agent failure in Korean type 2 diabetic patients
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OR, odds ratio; CI, confidence interval.

^a^Adjusted for sex, age, BMI, and family history of diabetes mellitus.
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Area under the receiver operating characteristic curves (AUCs), sensitivity, and specificity using various cutoff points for oral hypoglycemic agent failure
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